Plasmodium vivax predominates in South-East Asia and the American continent, causes significant morbidity and inflicts a huge socioeconomic burden. Sequencing completion of the Plasmodium vivax genome and transcriptome provides the chance to identify antigens. Enolase is the eighth enzyme in the glycolytic pathway, which, apart from its glycolytic function, also possess antigenic properties and is present on the cell wall of many invasive organisms, such as Candida albicans. In order to assess whether enolase of Plasmodium vivax is also antigenic, in this study, we first reported the expression and purification of recombinant Plasmodium vivax enolase (r-Pven) in Escherichia coli, using prokaryotic expression vector. The r-Pven was expressed in soluble form in E. coli, and the expression was verified by SDS-PAGE and western blotting analysis. The r-Pven was purified to 90% purity by nickel-nitrilotriacetic acid (Ni 2+ -NTA) resin chromatography. For reactivity with r-Pven, compared with the Downloaded by [Weill Cornell Medical College] at 11:31 04 August 2016 2 average values of the reactivity of control serum samples, the average values of the reactivity of 99 individual serums from vivax malaria patients appeared higher, and there was significant difference between them (p=0.0117<0.05). Mice anti-r-Pven antibodies inhibited the growth of in vitro cultures of P. falciparum. Mice immunized with r-Pven showed protection against a challenge with the mouse malarial parasite
Introducton
The malaria, continues an important public health problem in the world, which affects mainly developing countries, including Africa, Asia and Latin America. By the World Health Organization, it was estimated that there were 214 million cases of malaria worldwide in 2015. 1 Among these cases, there were 13.8 million cases caused by Plasmodium vivax, which predominated in South-East Asia and the American continent where there were more than 50% of malaria cases. 1 Despite intensive efforts to control the malaria epidemic, the proportion of cases caused by P. vivax is increasing, and current prophylaxis and drug treatments still proved insufficient. 2 Sequencing completion of the Plasmodium vivax genome and transcriptome provides the chance to identify antigens. So far, Several proteins, including merozoite surface protein 1 (MSP1), and apical membrane antigen 1 (AMA1), have shown antigens and/or potential vaccine candidates, but developing an effective malaria vaccine has remained an incredibly difficult challenge. 3 Enolase, as a major immunostimulatory protein of visceral leishmaniasis, 4 is present on the cell surface of many organisms, 5 could play a protective role in Candida albicans infection, 6 and has recently been reported as a potential vaccine candidate against Chlamydia pneumoniae. 7 Therefore, for investigating whether Plasmodium vivax Enolase (r-Pven) could play a protective role against Plasmodium vivax infection, we decided to produce Plasmodium vivax Enolase in Escherichia coli and examine the immunogenic and protective properties of Pven.
In this study, we had successfully expressed P. vivax Enolase in Escherichia coli, examined the immunogenic properties of Pven in sera of P. vivax malaria patients in regions of China, where malaria is endemic, and demonstrated the growth-inhibitory properties of anti-enolase antibodies, and the protective capacity of recombinant Pven in mice challenged with the mouse malaria parasite Plasmodium berghei.
Results

Plasmid Construction of Plasmodium vivax Enolase (r-Pven)
The construct for Enolase expression, containing a His-tag for affinity purification, was depicted in Fig. 1 . The recombinant plasmid pET28α-Pven protein sequence was verified by DNA sequencing (Nanjing Genscript Bio. Co. Ltd). The correct construct was transformed into the expression host E. coli BL21 (DE3). As shown in Fig. 2 , there was an obvious protein band after IPTG induction, which could be detected using the western blotting method with anti-6×His tag antibody. The apparent molecular weight of the r-Pven protein was about 50 kDa.
Expression, purification and identification of r-Pven
As described above, after IPTG induction, Ni-NTA resin was used for r-Pven protein purification. Most of the proteins without 6×His tags were removed from the Ni-NTA resin using washing buffer containing 20 mM imidazole, and the 6×His-tagged r-Pven was eluted with more than 90% purity using elution buffer containing 250 mM imidazole (Fig. 2 ). The purity was estimated through SDS-PAGE gels stained using Coomassie Blue, and the western blotting method was used to further confirm the expression of r-Pven.
Reactivity of r-Pven with seras from Plasmodium vivax malaria patients
The well-type amine array was carried out with r-Pven as the substrate, using serum from Plasmodium vivax malaria patients, along with control serum samples, who had not been exposed to malaria. vivax malaria patients appeared higher, and there was significant difference between them (p=0.0117<0.05). These results suggested that anti-Pv enolase antibodies were prevalent among Plasmodium vivax malaria patients in China.
ELISA, immunoblotting and growth inhibition assays
In order to examine the antibody titer of the antibodies raised in mice against r-Pven, an ELISA was carried out. As shown in Fig. 4A , anti-r-Pven antibody titers were greater than 1:300,000, and even at 1: 500,000, as shown in Fig. 4B , the reactivity colour of anti-r-Pven antibody could be examined.
In order to test whether antibodies against r-Pven could inhibit parasite growth, the specificity of the antibodies raised in mice against r-Pven was examined.
Whole-cell extracts prepared from P. falciparum and from human erythrocyte were subjected to SDS-PAGE and blotted on a membrane, which was treated with anti-r-Pven antibodies (Fig. 5A ). The antibodies raised in mice against r-Pven did not react with human erythrocyte proteins. The immunoblotting data showed the specificity of the anti-r-Pven antibodies toward Pfen.
Anti-plasmodial assay was then performed using P. falciparum asexual stages cultures of Plasmodium falciparum, which were exposed to anti-r-Pven antibodies. As shown in Fig.5B , the anti-r-Pven antibodies could reduce the parasite density over the time course of the experiment in relation to controls. At 72 hours post-treatment, the maximum inhibitory effect was observed. These results suggested that the antibodies against Pven could inhibit the growth of the parasites.
Vaccination studies with r-Pven in mice
Next, we tried to evaluate the ability of the Pven to protect mice against a challenge with mouse malaria parasites. In order to demonstrate that the antibodies raised in mice against r-Pven could react with Plasmodium berghei enolase, whole-cell extracts Downloaded by [Weill Cornell Medical College] at 11:31 04 August 2016 6 prepared from P. berghei and from mice were subjected to SDS-PAGE and blotted on a membrane, which was treated with anti-r-Pven antibodies (Fig. 6A ). The antibodies raised in mice against r-Pven did not react with mice erythrocyte proteins. The immunoblotting data confirmed the specificity of the anti-r-Pven antibodies toward P. berghei enolase.
Then, we examined the effects of immunization of mice with r-Pven, followed by a challenge with mouse malaria parasites P. berghei. As shown in Fig.6B , the reduction in parasitemia correlated with the antibody titer present in each mouse. Figure 6C showed the survival profile of the mice. The immunized mice also had a significantly longer survival period. These data suggested that the protection was specific for r-Pven.
Discussion
In this study, we have shown that the Plasmodium vivax enolase protein was immunogenic and that anti-Pv enolase antibodies could protect against the malarial parasite. Protective anti-r-Pven antibodies raised in animals were specific for Plasmodium. These reacted with the enolase from both human and murine Plasmodium species but did not cross-react with the host proteins. So, Pven possesses the properties suitable for a potential candidate malaria vaccine antigen.
In rodent malaria challenge studies, two leading vaccine candidates, MSP-119 and AMA-1 (apical membrane antigen 1), showed protection only from homologous, but not heterologous challenge. 8, 9 In several other studies, it has been reported that protection acrossed a limited number of strains. 9,10 A chimeric antigens vaccine including multiple epitopes from different Plasmodium antigens is considered to be an ideal way to address these difficulties. r-Pven was maybe one such candidate.
Although it was shown that the Plasmodium enolase protein had considerable homology with the human orthologue, it had certain novel plant-like features, 11 and distinct structural differences. 12 In this study, the lack of cross-reactivity of anti-r-Pven with host enolases had been shown by methods of immunoblotting.
Enolase was identified as a multifunctional protein, involved in the pathogenicity in several Streptococcus by binding the plasminogen of an infected host, 13, 14 including the bacterial migration across the mammalian extracellular matrix, 15 and an important antigen using immunoproteomics analysis of extracellular and cell-wall associated proteins of SS2. 16, 17 So far, several reports have shown that the enolase of several types of G+ bacteria could activate plasminogen and then the surface-bond plasmin could degrade extracellular matrix and laminin, and facilitate penetration of the organism through reconstituted basement membrane, 18 suggesting that anti-Enolase antibodies could be important as an adjunctive vaccine. 19 However, the potential of enolase developed as novel vaccine antigen remained to be convinced.
Conclusion
In this study, we had shown that a housekeeping enolase protein of Plasmodium vivax could protect mice against malaria. An effective malaria vaccine has been shown to be difficult to achieve for several reasons, predominant among which are antigenic variation and diversity. An additional problem is the emerging resistance of the parasite to most antimalarial drugs. Thus, it would be worthwhile to evaluate enolase, a protein critical to the survival of the parasite, for the immunoprophylactic and immunotherapeutic control of malaria. Enolases, which have been well characterized for their catalytic function in glucose metabolism, are no longer considered to be the house-keeping enzymes only. Some of the more interesting and challenging issues, regarding enolase multifunction that need to be addressed are (i) the mechanism of its export to the cell surface, (ii) the role of posttranslational Investigations of these subjects would provide insights into its important role and it would make this protein an interesting drug target. Table S1 .
Materials and methods
Human serum samples
Construction of pET28α-Pven protein expressing vector
To obtain the cDNA encoding Pven protein, the method of overlapping PCR product was then digested by NdeI and NotI and was inserted in frame into the pET28α expression vector (Novagen) (Fig. 1) . The recombinant vector was transformed into the competent DH5α cells for propagation of the recombinant plasmid. The recombinant plasmid pET28α-Pven was confirmed, using restriction endonucleases digestion and sequencing.
Expression and purification of Plasmodium vivax Enolase (r-Pven)
The constructed recombinant plasmid pET28α-Pven was transformed into competent E. coli BL21. One colony of E. coli BL21 harboring the plasmid pET28α-Pven was grown overnight at 37 ºC in 10 ml of LB medium supplemented with kanamycin (30 μg/ml). The whole culture was inoculated into l L fresh LB medium and grown to an OD 600 of 0.6 at 37 ºC. Fusion protein expression was initiated with the addition of IPTG to 1 mM. After 6 h induction, cells were collected using centrifugation at 7,000g for 10 min at 4 ºC, resuspended in binding buffer (20 mM Tris/HCl, 0.5 M NaCl, and 5 mM imidazole pH 7.9), and lysed on ice using sonication at 400 W for 100 cycles (5 s working, 5 s free). The recombinant Plasmodium vivax Enolase in the supernatant of the cell lysate was then purified using Ni-NTA affinity chromatography, according to our previously published method. 20
SDS-PAGE and Western Blotting Analyses
The SDS-PAGE analysis was performed, according to Laemmli, using 12% polyacrylamide gels. 20 The total expression protein samples from cell lysates after induction were mixed with equivalent sample buffer (125 mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 0.005% bromophenol blue, and 10% 2-mercaptoethanol). Gels For western blotting analysis, the same protein sample was separated on a 12% polyacrylamide gel under reducing conditions and then transferred to a polyvinylidene difluoride (PVDF) membrane (Roche Applied Science). The western blotting was performed as described. 20 The rabbit IgG secondary antibody was used against His-tag primary antibody (Novagen). The blots were developed using TMB immunoblotting system.
Reactivity of r-Pven with seras from Plasmodium vivax malaria patients
99 individual sera from vivax malaria patients were used in well-type amine arrays. The procedure was performed as described in a previous report, 9 and the fluorescence intensities of array spots were quantified by the fixed-circle method using ScanArray Express software (version 4.0; PerkinElmer, Boston,MA, USA). 21, 22 The cut-off value was calculated as the mean fluorescence intensity (MFI) value of reactivity of each patient's serum with r-Pven.
Vaccination studies with r-Pven in mice
Experiments were performed on three groups of 8-week-old male Kunming mice (five mice per group), which were purchased from Beijing Animal Experimental Center, China. The r-Pven was rapidly mixed with an equal volume of Quick Antibody (Kangbiquan Inc., China), a novel water-solubility immunoadjuvant without emulsification to distinguish from the Freund's adjuvant. The resulting mixture was transferred to a 1 mL-syringe and was then injected into the hind leg muscle of a mouse. After 3 weeks, the antigen was dissolved in Quick Antibody adjuvant to conduct a boosting injection in the same (the first injection was 100 μg of r-Pven, followed by 100 μg for the one booster). In one control group, mice were injected in parallel with the adjuvant. The other control group received no injections. After three immunizations, the antibody titers against r-Pven were monitored. Mice having anti-r-Pven antibody titers greater than 1:300,000 were then challenged with Plasmodium berghei (10 6 parasites per mouse), and parasitemia was monitored daily.
Results of the parasitemia profiles were statistically analyzed using one-way analysis of variance (GraphPad InStat, San Diego, CA). Laboratory animal handling and experimental procedures were performed in accordance with the requirements of Provisions and General Recommendation of Chinese Experimental Animals Administration Legislation.
ELISA
Antibody titer was determined for the prepared antisera according to the indirect ELISA method. 23 To each well of a 96 well microplate, 100 μL of the pure SUMO-MT solution (10μg/mL) dissolved in the coating buffer (0.5M Na 2 CO 3 /NaHCO 3 , pH 9.6) was added and the microplate was set still at 4 ºC overnight. The antiserum was diluted in 1,000-2,048,000 folds with 1×pH 7.4 PBS.
The incubation with the secondary antibody was carried out with 100 μL of a 5,000 fold diluted horseradish peroxidase-conjugated goat antibody (GeneTex, USA) diluted with PBSTB (1 9 pH 7.4 PBS, 1 % BSA, 0.1 % Tween). Then added 100 μL substrate mixture of o-phenylenediamine (OPD) (Amresco, USA) per well and incubated for 30 min at room temperature. Finally, 100 μL of 2 M H 2 SO 4 was added to stop the reaction and quantification was performed with a microplate reader (TECAN Infinite M200, Switzerland) at 492 nm.
Anti-plasmodial assay
The P. falciparum FCC1/HN strain was used for the assay. The FCC1/HN line was isolated from Hainan Island, China. 24 The strain was cultured in human erythrocytes type A+ at 5 % hematocrit. The strain was cultured in RPMI (Gibco) medium supplemented with HEPES 25 mM, glutamine 2 mM, glucose 2 g/l, NaHCO 3 2 g/l, hypoxanthine 29.25 mg/l, gentamicin 60 mg/l and Albumax 1.6 % at pH 7.4. Cultures were kept in 96% nitrogen, 3 % CO 2 and 1% oxygen atmosphere at 37 ºC, and fresh medium was added every 24 h. 25 Cultured human erythrocytes at 1.5 % of parasitemia (P. falciparum asexual stages) were cultured in the presence of anti-r-Pven antibodies for 24, 48 and 72 h. Every 24 h, the medium was discharged, and fresh medium with the appropriate anti-r-Pven antibodies concentration was added. The percentage of infected red blood cells was determined by microscopic examination of thin blood films stained with Giemsa.
Controls with preimmune antiserum and nontreated infected erythrocytes were included.
Statistical analysis
Results were expressed as mean+SD from at least three independent experiments.
Statistical analysis was performed according to Student's t-test by one-way analysis of variance. Significant difference was taken as P<0.05.
